Abstract. Modern infrared imagers often rely on low Size, Weight and Power split Stirling linear cryocoolers comprising side-by-side packed compressor and expander units fixedly mounted upon a common frame and interconnected by the configurable transfer line. Imbalanced reciprocation of moving assemblies generates vibration export in the form of tonal force couple producing angular and translational dynamic responses. Resulting line of sight jitter and dynamic defocusing may affect the image quality. The authors are exploring the concept of multimodal tuned dynamic absorber, the translational and tilting modal frequencies of which are essentially matched to the driving frequency. Dynamic analysis and full-scale testing show that the dynamic reactions (forces and moments) produced by such a device may effectively attenuate both translational and angular components of cryocooler-induced vibration.
Introduction
Split Stirling linear low Size, Weight and Power (SWAP) cryocoolers find wide use in infrared (IR) imagers. Such cryocooler usually comprise electro-dynamically actuated linear pressure wave generator (compressor) and pneumatically actuated resonant expander, which are fixedly mounted upon a common frame and interconnected by a configurable transfer line [1] . For the sake of compactness, the compressor and expander units are usually packed in a side-by-side fashion. A force couple generated by an imbalanced reciprocation of moving assemblies inside both compressor and expander units produces the cryocooler induced vibration comprising angular and translational components resulting in line of sight jitter and/or dynamic defocusing. Improving imagery quality in high resolution, long range IR imagers requires attenuating the cryocooler induced vibration down to the acceptable levels. Typical of such cryogenic coolers is linear reciprocation of the moving compression and expander pistons. The driving frequency is fixed and may be precisely (factory or user) adjusted and maintained over the entire range of working conditions and lifetime using a digital controller. The temperature control relies on varying the magnitude of the driving voltage/current. Resulting from this is axial, almost tonal, fixed frequency, vibration export, the magnitude of which varies depending on the heat load conditions. Because of the constant and adjustable driving frequency, the low damped tuned dynamic absorber (TDA) appears to be ideally suited, cost effective and lightweight tool for attenuating the cryocooler induced vibration. It is usually designed in the form of passive and weakly damped mass-spring resonator which is attached to a structure collinear with the source of excitation. Provided resonant frequency of TDA and frequency of excitation are precisely matched, such a device produces a tonal counterbalancing dynamic reaction force, thus eventually attenuating the dynamic response of the attachment point, as detailed in references [2] [3] [4] [5] [6] [7] [8] [9] .
In the recent years, manufacturers of low SWAP split Stirling linear cryocoolers featuring singlepiston compressors and Integrated Dewar Detector Cooler Assemblies (IDDCA), such as Ricor, AIM and SCD [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] developed and fielded new models of optional TDA intended for use in vibration sensitive lightweight and flexibly mounted, hand-held and gyro-stabilized payloads.
Traditionally, such TDA are made in the form of single-degree-of-freedom (SDOF) resonator, where the frequencies of "parasitic" modes (tilting, in-plane translation, rotation about the axis) are well separated from the frequency of useful axial translational mode, the frequency of which needs to be tuned exactly to the driving frequency (or vice versa). In this approach, the best performance may be achieved when expander and compressor are in-line mounted. Single-axis consolidation of vibration export induced by compressor and expander allows for effective use of single, inline mounted translational TDA [20, 21] . Unfortunately, this option is not always practical due to the different packaging constrains. For compactness, the expander and compressor are usually side-by-side packaged. Although the vibration export produced by the expander is relatively weak, it cannot be disregarded in the modern light-weight hand held and gyrostabilized electro-optic applications. The authors are continuing exploring the concept of Multimodal Tuned Dynamic Absorber (MTDA) -undamped mechanical resonator featuring a plurality of useful dynamic modes, the frequencies of which are essentially matched to the driving frequency [22] [23] . The general idea lying behind this concept is that such a device may produce reaction force and moment counterbalancing complex vibrational export produced by the components of side-by-side packed split Stirling cryogencic cooler. Figure 1 shows the diagrammatic view of the side-by-side packed split Stirling cryogenic cooler comprised of compressor 1 and expander 2 interconnected by the transfer line 3. The MTDA includes primary proof ring 4 which is supported from one side by the flexural bearing 5 having central anchor for mounting to compressor 1. The secondary proof ring 6 is coaxial and displaceable along the primary proof ring. The frequencies of translational and two tilting modes of such an MTDA are essentially tuned to the driving frequency. In this embodiment, the translational frequency depends on the aggregate weight of two proof rings and axial spring rate of the flexural bearing. Along with these lines, the tilting frequencies depend on the angular spring rate of the flexural bearing and aggregate moment of inertia of the proof rings. By mechanical design of the flexural bearing and proof rings, the frequencies of the translation and tilting modes may be equalized and matched to the fixed working frequency typical of the cryocooler (or vice versa). Fine tuning may be performed by axially displacing the secondary ring, thus modifying the tilting frequencies at the fixed translational frequency, as detailed in [22, 23] . Figure 2 shows the flexural bearing (a) and self-explanatory exploded view of actual CAD design of such a MTDA (b). The flexural bearing is made in the form of a circular planar spring featuring 4 symmetrical spiral slots, as shown in Figure 2 .a. Figure 3 shows 6 simulated modal shapes: rotation about MTDA axis (a), translation along the MTDA axis (b), tilting modes (c,d) and in-plane modes (e,f). The frequencies of tilting and translation modes are 105Hz. This has been achieved by virtually displacing the correction ring into particular position. The frequency of rotational mode is 65Hz, the frequencies of the in plane modes are 195Hz. Figure 4 shows the model of side-by-side packed split Stirling cryocooler with mounted MTDA. In Figure 4 , the MTDA axis is collinear with the compressor and cold head axes. The red arrows show the direction of applied forces: 8N@105Hz along the compressor axis and 3N@105Hz along the cold head axis. The weak springs are nor shown. components; with MTDA the cryogenic module is practically stationary while the MTDA mass are involved in intensive, both translational and angular vibration.
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3.
Feasibility study Figure 7 pictures the assembled MTDA (a), comprising flexural bearing (b), primary ring with mounted flexural bearing (c) and secondary corrective proof ring (d). In Figure 9 , the MTTDA 1 is mounted with 20 mm offset relatively to the exciter axis. The driving tonal signal is generated by the Data Physics SignalCalc QUATTRO signal analyzer 2 (http://www.dataphysics.com) and amplified by the Ingenia Neptune digital servo drive 3 (www.ingeniamc.com). The Endevko Type 256HX-10 accelerometer 4 is used for measuring resulting translational response. The Kistler Type 8838 accelerometer 5 (https://www.kistler.com) is mounted upon the platform and is used for measuring resulting angular response. The effective weight of the setup is about 2kg, thus the mass ratio is 1.5%. The entire setup is placed upon soft sponge mimicking conditions typical for the hand-held applications or low frequency vibration mounting. The frequency match has been achieved by axial displacing the secondary corrective ring. Figure 10 compares spectra of translational (a) and angular acceleration (b), respectively, of the platform before and after mounting the MTDA. Simultaneous attenuation of angular and translational responses occurred at approximately 103Hz, whereupon the translational and angular attenuation ratios are 33 and 52, respectively. From Figure 10 , the translational and angular displacement of the platform has been reduced from 5.4 m to 0.16 m and from 63 rad down to 1.2 rad, respectively.
It is worth noting again that attenuation of the angular response resulting in a line of sight jitter is more important for the imagery quality.
Conclusions and future work
The analytical study and full scale feasibility testing has shown that multimodal tuned dynamic absorbers have improved potential for essential attenuation of line of sight jitter resulting from the cryocooler induced angular vibration.
